We propose the timescale-resolved spectroscopy (TRS) as a new method to combine the timing and spectral study. TRS is based on the time domain power spectrum and reflects the variable amplitudes of spectral components on different timescales. We produce the TRS with the RXTE PCA data for Cyg X-1 and studied the spectral parameters (the power law photon index and the equivalent width of the iron fluorescent line) as a function of timescale. The results of TRS and frequency-resolved spectra (FRS) have been compared, and similarities have been found for the two methods with the identical motivations. We also discover the correspondences between the evolution of photon index with timescale and the evolution of the equivalent width with timescale. The observations can be divided into three types according to the correspondences and different type is connected with different spectral state.
INTRODUCTION
The X-ray emission from an accreting compact object (neutron star or black hole) carries information concerning geometry and physical conditions in the vicinity of the central compact object. One way to study the X-ray data is to fit various models to the time-averaged energy spectra. For hard spectral states of black-hole binaries, the spectra are well understood with a model consisting of weak disk emission, its Comptonization by a hot corona, -2 -and reflection or reprocessing of the hard X-ray photons by the disk. Other mechanisms as alternatives to Comptonization, such as jet models, have also been discussed in the literature (e.g. Markoff et al. 2005; Tomsick et al. 2008) . The spectra of the soft spectral states are characterized with a dominant soft disk component. In the past few years, efforts have been made to combine the spectral and variability information to investigate geometry and dynamics of the X-ray sources. A novel technique is known as frequency-resolved spectrum or Fourier-resolved spectrum (FRS), which is based on both power spectrum and average energy spectrum. This method accumulates the variability amplitudes (or power spectral density amplitudes) within a well-defined frequency range for each energy bin to produce the "energy spectrum"
1 for the specific frequency band. Therefore it provides an opportunity to explore the variability properties of different spectral components (e.g. disk emission, power law and iron fluorescent line); as such, it allows certain immediate insight into the spatial locations or dynamics responsible for the emission of the specific spectral components. For example, the FRS can indicate the geometrical size of the reprocessing medium, because the light crossing time of the reflector provides a natural frequency filter. Since it was first proposed by Revnivtsev et al. (1999) , the FRS has been successfully applied to Galactic black-hole binaries (Revnivtsev et al. 1999 (Revnivtsev et al. , 2001 Gilfanov et al. 2000; Reig et al. 2006) , neutron star low mass X-ray binaries (LMXBs) (Gilfanov et al. 2003; Revnivtsev & Gilfanov 2006; Shrader et al. 2007 ) and active galactic nuclei (AGN) (Papadakis et al. 2005 (Papadakis et al. , 2007 Arévalo et al. 2008 ).
In interpreting a Fourier spectrum in the time domain, one usually takes 1/f , the reciprocal of a Fourier frequency f , as a timescale. A time domain power spectrum can be derived directly from a time series without using the Fourier transform (Li 2001) , where the definition of power is based only on the original meaning of rms variation and the power spectrum represents the distribution of the variability amplitude versus timescale. The Fourier domain power spectrum is not an accurate representation of rms variations in the time domain, i.e., for a stochastic process the Fourier spectrum underestimates the signal power on timescales shorter than the characteristic time of the process, whereas the time domain spectrum can correctly estimate it. For the X-ray emission of black-hole binaries, Fourier spectra and time domain spectra differ from each other in short timescales or high frequency regions (less than ∼ 0.1 s): power densities from time domain spectra are significantly higher than that from Fourier spectra (Li & Muraki 2002) . For investigating the geometry and dynamics of black-hole binaries, it is interesting to study the fast variability of the black-hole binaries X-ray emission by means of timescale-resolved spectroscopy (TRS) as an alternative to FRS.
In this work, we study the TRS of Cyg X-1 by using the time domain power spectrum. The power spectral densities are accumulated within a certain timescale range in each energy bin, and the "energy spectra" for different timescale ranges are obtained. We introduce the definition of time domain power spectrum and TRS in Section 2. The data analysis and results are present in Section 3. In that section, we first use the same data as analyzed by FRS in earlier works (Section 3.1), which are in the low-hard (LH) and the high-soft (HS) state in 1996. In this way we can make a direct comparison between the two methods, and prove the feasibility of our new technique. Also in this section we introduce how to check the data to ensure that the TRS does not suffer systematic biases. In Section 3.2, we extend the application of TRS to more observations of Cyg X-1. We find a correspondence between the evolution of the power law photon index and the equivalent width of the iron fluorescent line with timescale. The related issues are discussed in Section 4.
TIMESCALE-RESOLVED SPECTRUM
We first introduce the definition of time domain power spectrum. If x(k) is a counting series obtained from a time history of observed photons with a time step ∆t, and r(k) is the corresponding count rate, the variation power is
where x and r are the average count and count rate, respectively. The power density p(∆t) in the time domain can be defined as the rate of change of P (∆t) with respect to the time step ∆t. With two powers at different timescales, ∆t 1 and ∆t 2 (∆t 2 > ∆t 1 ), we can numerically evaluate the power density at ∆t = (∆t 1 + ∆t 2 )/2 by
For a noise series where x(k) follows the Poisson distribution, the noise power is
where x is the expectation value of x, and r is the expectation value of the count rate, which can be estimated by the average count rate of the studied light curve. The noise power density at ∆t = (∆t 1 + ∆t 2 )/2 is
The signal power density can be defined as
and the fractional signal power density is
in the unit of (rms/mean) 2 s −1 or s −1 . In practice we divide the observation into M segments. For each segment i the fractional signal power density p f,signal (∆t, i) is calculated by equation (6). Then the average fractional power density of the studied observation is
Suppose we have N E light curves of a given source at different energy bands E j , for j = 1, 2, . . . , N E . For each light curve we estimate the time domain power spectrum as discussed before. Then the squared fractional rms can be obtained by integrating the amplitudes of the fractional power density over the timescale of interest. For each timescale bin T i , i = 1, 2, . . . , N T , TRS can be constructed according to the formula
where p(t k , E j ) is the fractional power density at timescale t k for the light curve in the energy band E j , δT is the timescale resolution of the time domain power spectrum, C j is the count of time-averaged energy spectrum at channel E j , S(T i , E j ) represents the amplitude of TRS component in timescale range T i and energy band E j . The plot of S(T i , E j ), j = 1, 2, . . . , N E , as a function of energy constitutes the "timescale-resolved spectrum" or TRS.
3. DATA ANALYSIS AND RESULTS
The LH and HS States in 1996
We have applied the TRS as defined above to the publicly available observations of Cyg X-1 with the Proportional Counter Array (PCA) on broad the Rossi X-ray Timing Explorer (RXTE). As a first step, we intended to make a direct comparison between TRS and FRS. Therefore we chose the same data analyzed through FRS before, which are observed during the LH state (proposal number P10238, Revnivtsev et al. 1999 ) and the HS state (proposal number P10512, Gilfanov et al. 2000) in 1996. The specific observation IDs are listed in Table 1 . Because the single P10512 observations do not have enough exposure time, we combined the observations that are close in time (with an abbreviation of 10512 as shown in the first column of Table 1 ). The analysis of single observations belonging to proposal P10238 displayed similar results. In this section we take 10238-01-05-000 (abbreviated as 10238b) as an example.
Because the TRS requires that data have both sufficiently high energy resolution and good time resolution, we selected the PCA data in the "Generic Binned" mode, which have 16 ms time resolution in 64 energy channels covering 2-100 keV for P10238 (B 16ms 64M 0 249) and 4 ms time resolution in 8 energy channels covering 2-13 keV for P10512 (B 4ms 8A 0 35 H). We processed the data with the most recent FTOOLS package (v6.5.1). The data screening was performed following the criteria that the elevation angle is larger than 10
• , the offset pointing is less than 0.02
• , all 5 PCU are turned on, and the time since the peak of SAA passage is larger than 30 minutes. The data were not filtered on electron ratio as it can exclude valid data for bright sources. The time-averaged energy spectra for both states were extracted from the Generic Binned mode and the corresponding response matrices were created. The full energy resolution background spectra were extracted from the Standard 2 mode (the PCU gain correction was applied), and then rebinned into the same channel configuration as the Generic Binned mode spectra.
We extracted a light curve with a time resolution of 1/64 s in each energy channel of the Generic Binned mode and produced their time domain power spectra. Before continuing, we need to do some tests to guarantee that the time domain power spectra have not suffered systematic biases, which might be caused by long-term trends, non-stationarity, background fluctuations and the buffer overflow of binned data.
The definition of variation power assumes that the time series fluctuates about a mean count rate, without long-term trends. In our study we calculated mean variance and power spectra from segments with a length of 800 seconds, hence the test for the presence of a trend was performed for each segment. We centered and scaled the segment light curve by subtracting the mean and dividing by the standard deviation of the corresponding segment. Then we fitted the light curve with a linear model. For the observations 10238b and 10512 studied here, we found the best-fitting slope is of the order of 10 −4 counts s −2 . The relative difference between the variances before and after removing the linear trend is no more than a few percents, which is significantly smaller than the estimated error of variation power. More generally, we did a simple simulation to study the impact of a long-term linear trend to the estimate of the variance. We produced a light curve with a timestep of 1/64 s by adding a standard normal distributed random series and a straight line. We changed the slope of the line and derived the corresponding difference of variances, as shown in Figure 1 . In order for the relative difference to be smaller than 10%, the best-fitting slope should not exceed ∼ 10 −3 counts s −2 , or else the corresponding segment should be excluded or detrended before the calculation of variation power.
The fractional power density on different timescales is obtained from each segment, and then they are averaged to reduce random fluctuations. The average is meaningful only when the intrinsic statistical properties do not depend on time or, in other words, the underlying variability processes are stationary so that the scatters of the power density are simply due to the random fluctuations. The duration of a pointed observation of RXTE is usually only several thousands seconds, but sometimes we have to combine different observations in order to have enough exposure to produce the power density. The time separation between observations could be from hours to days, in which case a test for stationarity is especially necessary. Vaughan et al. (2003) discussed two approaches for testing the stationarity of variability, by comparing PSDs and comparing variances. We performed similar tests to our data. We derived the power spectra of 10512 from 8 observation IDs of P10512 covering 3 days. The time domain power spectra from the first segment and the last segment are shown in Figure 2 . No significant difference can be seen. Because it is the fractional power densities from different segments that are averaged, the variance divided by the mean flux (fractional variance) from each segment is compared. Error bars are assigned by measuring the deviation of multiple estimates (Vaughan et al. 2003) . We show the example of 10238b in Figure 3 , from which the fractional variance is consistent with a constant.
The background shows strong fluctuations on large time scales so that we need to check whether the time domain power spectra are influenced by it. Cyg X-1 is a very bright source and, even for the observation of 10238b in its LH state, the background calibration is only at a level of ∼ 1%. We derived the power densities of background on the timescales of tens of seconds without subtracting the poisson noise and found they are one order of magnitude smaller than the source power densities at the same timescale, both for the entire energy range and for a selected energy range. Furthermore, we tried subtracting the background light curve from the source light curve and calculating the time domain power spectrum from the net light curve. We found it to exhibit a difference generally about a few percents with the previous one. The role of background fluctuations is therefore not significant for Cyg X-1.
On the other hand, when the source in its HS state at high flux, we need to take care of a possible buffer overflow suffered by binned data mode. For the data configuration B 4ms 8A 0 35 H, 8-bit counters are used to form the binned spectrum during each 4 ms binning interval; that is, up to 256 counts can be accumulated per 4 ms without overflowing. The buffer overflow usually occurs in the low energy band, in which it will have a remarkable effect on timing properties such as rms (see e.g., Gleissner et al. 2004 ). According to the RXTE Technical Appendix, the maximum rate of events that can be supported without overflowing for the binned mode data used here is 256,000 counts s −1 , which is much larger than the mean count rate of ∼ 8, 600 and the maximum count rate of ∼ 42, 000 for 10512. We also derived the rms-flux relation with the method in Gleissner et al. (2004) , which exhibits a rather good linear relation (Figure 4) . If the data suffered buffer overflow, the rms-flux relation would display an arch-like shape. The conclusion is that our data are not effected by buffer overflow.
After checking the data for the possible systematic biases introduced by the long-term trends, the stationarity, the background fluctuations and buffer overflow, we ascertained the validity of the time domain power spectra. Making use of the the time domain power spectra for each energy channel and background-subtracted energy spectra, we obtained TRS in 10 timescale bins covering 0.02-60 s with approximately equal widths in logarithm axis. The uncertainties of TRS were propagated from the corresponding time domain power spectra and time-averaged energy spectra.
The ratios of TRS to a power law model with photon index of 1.9 are shown in Figure 5 , which visibly exhibits the distinct characteristics of spectral shapes in different timescale ranges. In the long timescale range (27-60 s), the TRS has a "soft excess" below 4 keV, an broad line around 6-7 keV and a smeared edge above ∼ 7 keV. In contrast, the TRS in the short timescale range (0.05-0.1 s) lacks of the above features below 10 keV, and exhibits a much more prominent hard component around 20 keV. The shape of the TRS in the medium timescale range (0.5-1.1 s) is between those in the long and short timescale ranges, indicating a continuous evolution of TRS shape with timescale. Therefore it seems that TRS turns softer and has more prominent feature of iron line, as the timescale increases.
TRS were fit in the energy range of 3-13 keV with XSPEC v12.3.1. We selected a simple model consisting of a power law and a Gaussian line to represent the iron fluorescent line. The low energy absorption was obtained from the HEASARC website (http://heasarc.gsfc.nasa.gov/cgi-bin/Too and fixed at N H = 7 × 10 21 cm −2 . Such a spectral model is obviously oversimplified, and the reasons we chose it are: 1) the TRS of 10512 (produced from B 4ms 8A 0 35 H configuration) has only 7 energy channels in 3-13 keV band, restricting the use of more sophisticated models; 2) the aim of the spectral fit is to quantitatively measure the observed spectral features, instead of determining the precise best-fitting model and reveal the true underlying physics; 3) this is the model used in the previous FRS analysis for the same data (Revnivtsev et al. 1999; Gilfanov et al. 2000) and the spectral parameters can be directly compared with those of FRS. The energy of iron fluorescent line was fixed at 6.4 keV, and its width was fixed at 0.6 and 0.8 keV for 10238b and 10512 respectively, which are the best-fitting values from the corresponding Standard 2 energy spectra. A uniform systematic error of 0.8% was added to all the channels when fitting TRS. The free parameters include the normalization and the photon index of the power law, and the normalization of the Gaussian line.
We are interested in the best-fitting power law photon index (Γ) and the equivalent width (E.W.) of iron fluorescent line, as listed in Table 2 . The dependence of the above two parameters on the timescale are plotted in Figure 6 and Figure 7 respectively. The relation of Γ and timescale exhibits a positive correlation for 10238b. For 10512 it appears that as the timescale increases, Γ increases first, then keeps stable and finally decreases. However, the relative amplitude of variation of Γ is smaller than 10238b. The E.W. of 10238b increases with increasing timescale below ∼0.1 s, and stays almost constant in the range 0.1 s-10 s, then decreases above ∼10 s. For the E.W. of 10512, the relative variation amplitudes are smaller and the uncertainties are larger. The most prominent difference in comparison with 10238b is that the E.W. does not show the drop at short timescales, but exhibits a rising trend at long timescales (several tens of seconds). We also took the data of Γ and E.W. from Gilfanov et al. (2000) , translated frequency into timescale and plotted the result in the same figures. The similarities are clear. See the discussion section for a specific comparison between TRS and FRS for the observations around the 1996 state transition.
Application to Other Observations of Cyg X-1
We have applied TRS to the data of P10238 and P10512, and compared it with the FRS results from the same data. We discovered that the two methods do reveal the similar phenomena, which supports the feasibility of the novel technique of TRS. RXTE has been operated for more than a decade and a large amount of observational data have been accumulated. We tried to extend the application of TRS to a larger data set.
To take full advantage of TRS, we require the data with high time resolution (higher than 1/64 s), good energy resolution (no less than 8 energy bins covering the channel range 0-35), and enough exposure time. We searched the RXTE archive for suitable observations of Cyg X-1 and found the Generic Binned configurations B 16ms 64M 0 249, B 16ms 46M 0 49 H and B 4ms 8A 0 35 H fulfil our demands. The first two configurations have only one proposal, which are P10238 and P30157 respectively. The proposals containing the configuration B 4ms 8A 0 35 H are P10214, P10412, P10512, P40101, P40102, P50109, P60089, P70104. Another very common configuration B 2ms 8B 0 35 Q has only two energy bins between ∼ 5-8 keV and is not a best choice for detecting on iron line. We have produced 11 TRS with the data from the above proposals in addition to 10238b and 10512 studied in the last section. Table 1 displays the observation IDs used, as well as the observation dates and exposure times for each TRS. Figure 8 marks their locations on the overall ASM light curve. The data analysis followed the same procedures outlined before.
We plotted the power law photon indices for different timescales in Figure 9 . The behaviors of different observations corresponding to different average Γ are different: in the lower part of Figure 9 (or quantitatively for the observations with maximum Γ <∼ 2.2) Γ increases with timescale until ∼ 1 s, and then remains almost constant (except 10238a which shows a strong rise at timescales >∼ 10 s, similar to 10238b); for the observations with maximum Γ >∼ 2.2, Γ first rises with timescale, then drops down at larger timescales. This evolution of Γ with timescale is similar to 10512, but the latter is much smoother. The equivalent widths of iron line on different timescales were also studied and the representive cases are plotted in Figure 10 . The shape of the relation between E.W. and timescale can be roughly divided into three types, each corresponding to one row of Figure 10 . The observations with the E.W. evolution shown in the top row of Figure 10 locate in the lower part of Figure 9 . 40101 and 60089a, which have a similar evolution of E.W. (the middle row in Figure 10 ), are also very close to each other in the middle section of Figure 9 . The observations in the upper part of Figure 9 , characterized by the drop of Γ at large timescale, corresponds to the bottom row of Figure 10 . Taking the previous observations, 10238b and 10512 into consideration, we found 10512 obviously consistent with the performance of the last type of observations. However, 10238b is more complex and will be discussed below.
DISCUSSION

Comparison with FRS
Comparing the results of TRS with FRS for Cyg X-1 (Revnivtsev et al. 1999; Gilfanov et al. 2000) , we found that: 1) the shapes of the three TRS divided by a power law in Figure 5 are similar to FRS in the corresponding frequency ranges (see Figure 1 in Revnivtsev et al. 1999 for the ratios of FRS to a power law, in the frequency ranges of 0.03-0.05 Hz, 4.5-6.8 Hz and 23-32 Hz); 2) the dependencies of the power law photon index on timescale are consistent for TRS and FRS, Γ increases with the timescale for both states when the timescale is below ∼ 0.1 s, and exhibits a decreasing trend at timescales larger than ∼ 10 s for the HS state (P10512); 3) the relation of equivalent width of iron fluorescent line versus timescale obtained from TRS, however, is inconsistent with that of FRS (see Figure 3 in Gilfanov et al. 2000) . In the HS state (P10512), the E.W. drops dramatically at a timescale of 20-30 ms for FRS, which is absent in the case of TRS. However, this is probably because TRS does not extend to timescales as low as FRS (see Figure 7) and therefore misses the drop. In the LH state (P10238), the E.W. obtained from both FRS and TRS drop at timescales shorter than 0.5-1 s. But at longer timescales, between 10-100 s, the E.W. decreases significantly only for TRS.
The similar phenomena revealed by TRS and FRS prove that TRS is another useful tool capable of studying jointly the spectral and timing properties of X-ray source. It provides the amplitude of variability in a certain timescale range as a function of energy. The important practical property of TRS is that they receive the contributions only from the spectral components that are variable on the timescale sampled. Therefore by computing TRS we can investigate whether different spectral components in the average energy spectrum of the sources (e.g. disk blackbody, power law, iron fluorescent line) are variable in a given timescale range. Furthermore, the comparison of TRS with the average energy spectrum could be employed to study the relative variability amplitudes of various spectral components at a given timescale.
The Variation of 10238b at Large Timescales
The most remarkable difference between TRS and FRS is that for the former, the E.W. of 10238b decreases at long timescales (>10 s). What's more, the behaviors of 10238b at long timescales are in fact unusual compared to other observations. Except 10238a, which belongs to the same proposal number, we can not find others that display the drop of E.W. and the rise of Γ at timescales of tens of seconds.
The most straightforward explanation for the variation behavior of the iron line in the TRS is in terms of a finite light-crossing time to the distance of the reflector (Revnivtsev et al. 1999; Gilfanov et al. 2000) . The high frequency at which the E.W. drops is considered to be the inverse of the light crossing time between the primary source (assumed as an isotropic point source above a flat disk in Gilfanov et al. 2000 , and very likely the hard X-ray-emitting corona) and the reflector (or more specifically, the inner radius of the disk that can process the X-ray continuum radiation and produce the iron line). With this characteristic frequency, Gilfanov et al. (2000) estimated the inner radius of the disk to be R in ∼ 100 R g in the LH state and R in ≤ 10 R g in the HS state. In this context, the decreases of E.W. at both small and large timescales may reflect the finite spatial extend of the reflector, for example, the inner and outer radius of the reprocessing disk. The timescales at which the equivalent widths drop by a factor of ≥ 2 are about 0.04 s and 40 s, corresponding to a distance of 1 × 10 9 cm and 1 × 10 12 cm respectively. For a 10 M ⊙ black hole, it might indicate an inner and outer disk radius of 300 R g and 3 × 10 5 R g respectively. The inner radius is consistent with the transition radius of ≥ 100 R g in the LH state predicted by Advection-Dominated Accretion Flow (ADAF) model (e.g., Esin et al. 1998) . With a compact star mass of 10 M ⊙ , a mass ratio of 3 (Gies et al. 2003) and an orbital period of 5.6 d (Gies & Bolton 1982) , we estimated the tidal radius of accretion disk as 3 × 10 5 R g , also consistent with the outer disk radius obtained from the dependence of E.W. on the timescale.
The finite geometry extent of the reprocessing matter is not an unique way to interpret the variation behaviors of E.W. on different timescales. Actually it cannot explain why the decrease of the E.W. at large timescales is not present in other observations, considering that Cyg X-1 is a persistent source and therefore the size of its accretion disk should not have a violent change. The drop of E.W. at large timescales in 10238b is likely to be caused by other reasons. Taking notice of the poor goodness of fit for TRS at the timescale of 27-60 s, as well as the soft spectral shape for the same timescale in Figure 5 , we believe that the simple model used before is not proper here any more and an additional soft disk component should be present. The TRS at 27-60 s was fitted again with a model consisting of a disk blackbody, a power law and a Gaussian line. The reduced χ 2 improved from 331.79/16 to 27.15/14, while Γ decreased from 2.18 to 2.09 and the E.W. increased from 0.067 keV to 0.138 keV. It means that after including the disk component in the model, the striking changes of Γ and E.W. at large timescales disappear. Both parameters stay almost constant at least up to tens of seconds. Therefore the strange variation of 10238b is probably an artifact due to the presence of a strong soft component. We suggest that in this case the disk component is not variable on timescales shorter than ∼10 s, while Γ and E.W. keep constant at the timescale larger than ∼10 s. Although the variability in the disk component was absent in the previous FRS study of Cyg X-1, it was indeed found in other sources. In the neutron star LMXB GX 340+0, the power density spectrum of the disk appears to follow a power law P disk (f ) ∝ f −1 , contributing to the overall variability at low frequency (<∼ 0.5 Hz) only (Gilfanov et al. 2003) . The variation of the disk blackbody component is related to the viscous instability of the accretion disk and the variation of the power law spectral component is related to the thermal instability (Miyamoto et al. 1994 ). The absence of rapid variability for disk component is consistent with the amplitude of the viscous timescale (e.g., Reig et al. 2006 ). 10238a shows similar variations with 10238b at large timescales and can also be modified by introducing a soft disk component. The other observations with a much lower energy resolution and degrees of freedom can not be fitted with a model with an additional disk component. However χ 2 usually increases at the largest timescale, which possibly implies the need for a reconsideration of the applied model. After this modification to the variation at large timescales, the Γ and E.W. of 10238a and 10238b behave alike other observations.
The Classification of Observations
There exist good correspondences between the relations of Γ with timescale and the relation of E.W. with timescale. Based on the correspondences, we are able to classify the observations analyzed in this paper into three types.
The first type includes observations 10238a, 10238b, 30157, 40102a, 40102b. The characteristics of this type of observations can be summarized as (for 10238a and 10238b, the modifications to the variations at large timescales discussed above have been considered): 1) Γ has a positive correlation with timescale below ∼ 1 s, and stays almost constant above ∼ 1 s, with the maximum value of < 2.1; 2) E.W. decreases when timescale is smaller than ∼ 0.1 s, and keeps flat or evolves smoothly at larger timescale. This type can be readily connected with the LH state because of the low values of Γ (e.g. McClintock & Remillard 2006) . Indeed all the observations were operated when Cyg X-1 in its LH state. 10238a and 10238b were before the state transition occurred at 1996 May 10 (Cui et al. 1997; Belloni et al. 1996) , and 30157 was at the long "quiet" LH state starting from the end of the HS state in 1996 until 1998 July. Then Cyg X-1 entered a episode with several major flares. 40102a and 40102b were in the interval of these flares or "failed state transitions" (e.g. Pottschmidt et al. 2003) .
The second type contains observations 10412, 10512, 50109a, 50109b, 60089b and 70104. Here: 1) Γ increases with timescale below ∼ 0.5 s, but shows a prominent decrease at timescales above ∼ 1 s. The maximum values of Γ is larger than 2.4; 2) the E.W. does not decrease significantly at the timescale of ∼ 0.1 s, instead it may have some increasing trend at short timescales. This type of observations should be linked with the HS state according to the large value of Γ. As to their observation dates, 10412 and 10512 are observed in the HS state of 1996 (according to the detailed phase division in Cui et al. 1997, 10412 is located at the LH to HS transition phase, but the flux is at the same level as the following HS state). 50109a and 50109b are observed during a period of intense flaring, which started in 2000 October and lasted until 2001 March. Both the peak flux and the minimum hardness ratio reached by the flares are nearly identical to those of the 1996 state transition, and the source did enter a period that resembles a sustained HS state during the last outburst (Cui et al. 2002) . 60089b and 70104 are observed during the long 2001/2002 HS state staring from 2001 November (e.g. Zdziarski et al. 2002; Wilms et al. 2006 ).
The third type includes observations 40101 and 60089a and is described as: 1) the behavior of Γ is similar to the first type, but with a maximum value around 2.2, and sometimes exhibits a slight decreasing trend at large timescales, like the second type; 2) E.W. shows a complex behavior at short timescales, increases at ∼ 1 s but decreases dramatically at smaller timescales. This type seems like between the first two types, and therefore could be related with the intermediate state between the LH state and the HS state. 40101 was observed on 1999 October, when Cyg X-1 was experiencing a major flare (Pottschmidt et al. 2003) . 60089a is at the initial stage of 2001/2002 state transition. It is worth to notice that 10238b, although classified into the first type, indeed shows some similar features with this type, such as the values of Γ and the E.W. at short timescales. 10238b was observed during a minor flare before the major HS state of 1996, and it is not surprising to see the similarities because it is not as "low" as the other observations in the first type. So that it appears that the three types of evolution with timescale have tight connections with the spectral states, and the translations from one to another are smooth.
Physical Interpretation
As discussed in the previous section, there exist good correspondences between the evolutions of Γ and E.W. with timescale, and furthermore they can be connected with the conventional spectral states of Cyg X-1. The interpretation for this is not very clear, and up to now most models involving the X-ray production mechanism in the accretion process do not consider such constraints imposed by timescale (frequency) resolved spectral analysis.
The dependence of E.W. on timescale seems in favor of the finite geometry size of the reflector as mentioned above, if we focus on the short timescales. In this picture, the drop of E.W. at timescales <∼ 0.1 s in the LH state reflects the finite light-crossing time between the primary source and the reflector. However in the HS state E.W. keeps flat down to timescales <∼ 0.1 s, which indicates a much smaller distance between primary source and reflector. This can be explained by the different inner radius of accretion disk for the two spectral states, just as stated in Gilfanov et al. (2000) .
The spectral slope generally decreases with decreasing timescale or increasing frequency, which has been proved prevalent in the FRS study on black-hole binaries, neutron star LMXBs and AGNs. But in our study it is only true for the timescales shorter than ∼ 0.1 s to ∼ 1 s depending on the spectral states. Papadakis et al. (2007) discussed two kinds of models that can qualitatively explain the fact based on FRS that the spectral shape becomes softer at larger timescales. One is the phenomenological model attributes the variable emission to multiple active regions moving towards the central compact object (Życki 2003) . This model assumes that the Comptonized spectrum evolves from softer to harder during the flare evolution towards the center with diminishing supply of seed photons. The other explanation is in the context of ADAF, where the Comptonization parameter increases with decreasing radius. A variation at short timescale originates at small radius with large Comptonization parameter, leading to a hard spectrum. ButŻycki (2002) predicted an opposite trend to FRS with the model of magnetic flare radially distributed above an accretion disk with hot ionized skin.
Application in Weak Sources
Cyg X-1 is a perfect target for timing studies because of the large amount of data with different kinds of configurations, its large flux, and its relatively persistent properties compared with transient sources. When the method is applied to some weak sources, there is one additional issue that should be considered. In a faint source, when power is small, the variability due to the source is small compared to the variance due to noise, so that subtracting the expected poisson noise level can sometimes lead to negative variances due to the fluctuation of the true noise level. This problem is also met in the study of FRS (e.g. Papadakis et al. 2005 Papadakis et al. , 2007 . The solution is to sacrifice the frequency (timescale) resolution or energy resolution to increase the statistical significance. Broad frequency ranges have to be considered so as to get positive value after accumulating the power densities in each band, therefore FRS is usually derived in only two or three frequency bands (see, e.g. Papadakis et al. 2005; Reig et al. 2006; Papadakis et al. 2007; Shrader et al. 2007; Arévalo et al. 2008) . We show an example of TRS in 4U 1534-47 (observation ID 70133-01-04-00) in Figure 11 , also studied with FRS in Reig et al. (2006) .
In conclusion, TRS is a novel spectral-timing joint analysis technique, which follows FRS but is based on the time domain power spectrum. The aims of both TRS and FRS are to determine the characteristic timescale of the physical process, to probe the origin of the variability, and to reveal the link between physical mechanism and geometry arrangement around compact object. Our work is but a first step. We believe that the application of TRS to more samples, the study of TRS with higher-quality data, the specific comparison between TRS and FRS, and the development of theoretical models will offer a clearer picture and further insight on these issues. (Gilfanov et al. 2000) are also plotted for the observation P10238 (circles, dotted line) and P10512 (diamonds, dotted line). 
